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Summary
The p75 neurotrophin receptor (p75 NTR ) belongs to the tumor necrosis factor TNFR/NGFR receptor superfamily. In some cells derived from neuronal tissues it causes cell death through a poorly characterized pathway. We developed a neuronal system using conditionally immortalized striatal neurons, in which the expression of p75 NTR is inducibly controlled by the ecdysone receptor. In these cells p75 NTR induces apoptosis through its death domain (DD) in a neurotrophin growth factor (NGF) independent manner. Caspases 9, 6, 3 are activated by receptor expression indicating the activation of the common effector pathway of apoptosis. Cell death is blocked by a dominant negative form of Caspase 9 and Bcl-X L consistent with a pathway that involves mitochondria. Significantly, the vFLIP E8 protects from p75 NTR induced cell death indicating that death effector domains are involved. A p75 NTR construct with a deleted DD dominantly interferes with p75 NTR signaling, implying
Introduction
Apoptosis is widespread during development and disease states of the mammalian nervous system (1, 2) . The high affinity neurotrophin receptors (Trk) as well as p75 NTR have been implicated in this process. Previous studies have shown that the low-affinity NGF receptor p75 NTR as well as the high affinity NGF receptor TrkA are widely expressed throughout the central and peripheral nervous system of mammals (3) . A few cell types only express p75 NTR but not TrkA, such as Schwann cells and oligodendrocytes (4, 5) . In vitro culture of these cells and exposure to NGF leads to p75 NTR induced apoptosis. Furthermore, the pro-apoptotic activity of p75 NTR has been documented in vivo. Retinal neurons and sympathetic neurons are killed by p75 NTR (6, 7) . Transgenic expression of the intracellular domain of p75 NTR induced apoptosis in selected populations of central and peripheral neurons (8) . On the other hand, p75 NTR has also been reported to elicit the opposite activity and increase survival leading to the generation, differentiation and maintenance of distinct populations of neurons in mammalian nervous system through modification of TrkA signaling (9) .
The neurotrophin family includes NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), NT-4/5 and NT-6. p75 NTR binds all neurotrophins with low affinity, but ligand induced signaling has only been shown repeatedly for NGF (10) and in single reports for BDNF (7) and NT4 (11) .
p75 NTR induced apoptosis in ST14A cells 5 expression of multiple markers characteristic for neurons but in addition are highly transfectable and immortalized at the permissive temperature (30) .
Using this system we show that the DD is essential for the initiation of apoptosis.
Truncation mutants without DD are inactive and dominantly interfere with p75 NTR signaling.
The similarities to other DRs also included the inhibition by the viral protein E8, activation of (0.625 mg/ml) and zeocin (0.625 mg/ml) and screened for expression by immunoblotting.
RT-PCR-Total RNA (1 µg) was isolated from the different cell lines using Trizol reagent (GIBCO BRL). After reverse-transcription, cDNA was amplified using superscript one-step RT-PCR system (GIBCO BRL). For RT-PCR, the following primers were used: rat Caspase activity assays-Cell extracts and enzyme assays were performed as previously described (32) . To demonstrate expression of the exogenous protein on the cell surface FACS analysis was performed on p75 NTR -FLAG transfectants (Fig. 2C) . The epitope tag in this construct is engineered immediately C-terminal to the signal peptide ( Because in some systems NGF is able to induce cell death by binding to p75 NTR we investigated whether addition of this neurotrophin affects the cell death response in ST14A-p75 ind . The loss of viability of ST14A-p75 ind upon ponasterone treatment was not affected by incubation in serum free media indicating that the process was not controlled by serum derived factors (Fig. 3A) . Similarly, cell killing induced by ponasterone was neither enhanced nor inhibited by the addition of NGF (10 ng/ml) as measured by MTS assay ( NF-κB activation in ST14A-p75 ind cells was also measured. No significant induction of this pathway could be observed using luciferase reporter assays (not shown), suggesting that p75 NTR cannot activate NF-κB in these cells or that the strong pro-apoptotic response masks other signals that potentially emanate from this receptor.
MTS assay-The
The intracellular domain of p75 NTR contains a well conserved DD whose role in initiating apoptosis has been disputed (21, 36) . To address this issue in the ST14A system we established ST14A-p75 ind lines expressing FLAG tagged full length and deletion mutants (Fig. 1) . Deletions of the DD (∆DD) and the whole intracellular domain (∆ICD) were tested. Expression of both the ∆DD and ∆ICD had no effect on cell viability similar to parental ST14A cells (Fig. 3A) . Levels of expression were measured by immunoblotting with α FLAG antibodies (Fig. 3B) . Ponasterone induced the expression of a doublet band at ~75 kD in the FL transfectants. This is the molecular weight reported for the glycosylated form of endogenous p75 NTR (37) . Immunoprecipitation with p75 NTR specific antibodies revealed that the levels of p75 NTR expressed were slightly lower than endogenous p75 NTR in Schwann cells.
A similar level of expression was seen when lysates from cells expressing the ∆DD and ∆ICD constructs were probed together with the full length p75 NTR lysates. Doublet bands at ~65 kD and 45 kD were induced by ponasterone with the ∆DD and ∆ICD, respectively. The transfectants expressing the truncation mutants were also analyzed by FACS for cell surface expression using the α-p75 NTR antibody. More than 75% of the cells stained positive after overnight incubation with ponasterone (not shown). Therefore, the failure of the ∆DD and ∆ICD to induce apoptosis is due to the inability of these mutants to signal cell death and not due to lack of expression or inappropriate cellular localization. In these cells, therefore, deletion of the DD impairs the ability of p75 NTR to signal cell death. Shown here are the results from transfection pools but the analysis of 7 ∆DD and 3 ∆ICD expressing clones produced identical results.
p75
NTR induces apoptosis-The size distribution of DNA recovered from ST14A cells was analyzed in order to establish whether p75 NTR induced cell death proceeded by an apoptotic mechanism (Fig. 4A) 
p75 NTR induced apoptosis is repressed by general and DR specific inhibitors-The
ST14A system made it feasible to delineate which components of the apoptotic machinery are involved in p75 NTR mediated apoptosis. Several anti-apoptotic molecules with specific molecular targets that occur naturally have been identified or have been engineered. The effect of these inhibitors on the p75 NTR apoptotic pathway was studied (Fig. 5) . ST14A-p75 ind cells were co-transfected with a plasmid expressing the indicated inhibitor and GFP as a transfection marker. The PI staining pattern of the transfected cells was evaluated by fluorescence microscopy after 24 h of ponasterone treatment (Fig. 5A ). Vector and GFP alone induced a background of an apoptotic staining pattern of ~7%. Treatment with ponasterone increased this value to 22%, which is an underestimate as floating cells are lost to analysis in this assay.
We tested E8 and FADD DN as inhibitors specific for DRs (39-42). Expression of E8, an equine herpesvirus protein consisting of two death effector domains, effectively inhibited the apoptotic response. In contrast, transfection of a FADD DN, a construct containing only a DD and missing its DED, did not reduce the apoptotic response. This is surprising, as FADD DN, like E8, inhibits signaling from other DRs. TRADD DN, an inhibitor specific for TNFR1 (43) induced apoptosis, also had no effect.
To ascertain that the dominant negative forms of FADD and TRADD were active in ST14A cells a control experiment was performed using transfection of TNFR1 as the proapoptotic stimulus (Fig. 5A, inset) . Expression of both molecules inhibited TNFR1 induced cell death as effectively as observed in non-neuronal cells.
To establish whether mitochondria were involved in mediating or amplifying the p75 NTR signal, we tested Caspase 9 DN and Bcl-X L . Anti-apoptotic Bcl-2 homologues act by p75 NTR induced apoptosis in ST14A cells 17 inhibiting the release of pro-apoptotic molecules, such as cytochrome c, from mitochondria, while Caspase 9 DN inhibits the ensuing Caspase 9 activation at the apoptosome (44, 45) .
Caspase 9 DN and Bcl-X L were both effective inhibitors and reduced the number of cells with a dense PI staining pattern to almost background levels.
CrmA is a viral caspase inhibitor with highest affinity for Caspase 1, followed by Caspase 8 (46) . CrmA, too, was able to mediate substantial inhibition of cell death, which is consistent with our finding that a Caspase 1-like activity is induced (Fig. 4) .
To obtain independent confirmation of these results we analyzed ST14A-p75 ind cells using TUNEL as an alternative method to measure apoptosis. Cells were transfected and p75 NTR was induced as above but analysis was performed by labeling DNA ends with BrdU.
The amount of apoptosis was determined by measuring the TUNEL and GFP double-positive cells (Fig. 5B) . Almost identical results were obtained using this unbiased approach as with the microscopic evaluation.
p75
NTR signaling requires receptor multimerization-A prerequisite for DR signaling is the oligomerization of the receptor. The prototype DR, TNFR1, exists as a trimer. Similarly
Fas is also oligomerized (47, 48) . Recently it has been shown that TNFR1 and FAS already pre-exist on the cell surface as oligomers before ligand binding (49, 50) . Because of this multimerization requirement, expression of deleterious receptor mutations leads to a DN phenotype as long as they still multimerize (50). To further investigate if p75 NTR has similar requirements for receptor homo-oligomerization as other DRs, we tested the C-terminal truncation mutants for a DN effect (Fig. 6A) . The ∆DD and the ∆ICD p75 NTR constructs (Fig.1) Further studies are needed to evaluate the role of the large T-antigen for the development of resistance.
Expression of the receptor in ST14A-p75 ind cells is comparable to endogenous levels of p75 NTR in Schwann cells (Fig. 3B ) suggesting that our system is relevant to in vivo situations. The inducible system permits a regulatable expression of p75 NTR and induction of The apoptotic signaling mechanism of p75 NTR -Deletion mutagenesis shows that the DD of p75 NTR is required for the induction of apoptosis (Fig. 3) . The ∆DD construct not only is unable to induce apoptosis but also interferes dominantly with apoptosis induced by wtp75 NTR (Fig. 6 ). This indicates that cell death induction by p75 NTR is similar to other DRs, which all use this domain to recruit DD containing adaptor molecules (54) . Extensive searches for p75 NTR interacting molecules have identified nine proteins that interact with the intracellular domain of p75 NTR (23-28, 16, 29, 12) . None of these proteins, however, contain a DD and NADE is the only protein implicated in cell death that interacts with the DD of p75 NTR (25 (21) . In this system a membrane anchored juxtamembrane domain was sufficient to induce cell death (36) . Considering the multitude of effects p75 NTR elicits it is possible that sensory neurons signal cell death by a different mechanism than ST14A cells.
The equine herpesvirus E8 is a strong inhibitor of p75 NTR induced apoptosis (Fig. 5 ).
E8 acts by precluding the recruitment of Caspase 8 to the death inducing signaling complex 
Footnotes
Abbreviations used in this paper: 
FIG. 3. P75 NTR cytotoxicity is not modulated by NGF and requires the death domain.
A, ST14A-p75 ind cells were treated with ponasterone for 48 h at 33 °C and the indicated
